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Abstract -Froth flotation is widely used for concentration of base metal sulphide minerals in complex ores.  One of 
the major challenges faced by flotation of these ores is the ever varying grade and mineralogy. This therefore calls 
for a continual characterisation and optimisation of flotation parameters such that concentrator performance as a 
whole is always maintained. In this study, the robust Taguchi experimental design method was used to determine the 
optimum conditions for the flotation of nickel, copper and cobalt from a nickel-copper sulphide ore. The parameters 
investigated include collector dosage, percentage solids, depressant dosage and pH. The effects of these parameters 
at three different levels on the recovery of Ni, Cu and Co were investigated using an L9 Taguchi orthogonal array.  
The optimum conditions for the recovery of the base metals are collector dosage, 80g/t; pH, 10.15; %solids, 25; and 
depressant dosage, 100g/t. Relative significance of flotation parameters (based on difference between max and min. 
values) indicates that pH has the most significant effect on the recovery of nickel, copper and cobalt during flotation. 
Analysis of variance showed that pH and depressant dosage were the most significant parameters affecting the 
recovery of Ni, while collector dosage and percentage solids were insignificant. None of the tested parameters 
significantly affected copper recovery whilst pH was found to also significantly affect cobalt recovery.  
 
Keywords: flotation, process optimization, Taguchi orthogonal array, ANOVA. 
 
 
1. Introduction 
Froth flotation is widely used for separating base metal sulphide minerals in complex ores. One of 
the major challenges faced by the flotation of these ores is the ever varying grade and mineralogy as the 
ore is exploited (Kabuda et. al., 2011). As in any mineral processing operation the efficiency of the 
flotation separation is highly dependent on changes in feed characteristics all of which may influence 
product grade and recovery (Nashwa, 2007). There is therefore need to continually characterise such ores 
and optimise their flotation parameters such that concentrator performance as a whole is always 
maintained. Flotation efficiency depends on a number of parameters which include particle size, pulp 
density, water quality, pH and reagent dosage (Pérez-Garibay et. al., 2014; Muzenda, 2010; Saleh, et. al., 
2008; Shuhua, 2006; Göktepe, 2002). Therefore, in order to achieve maximum recoveries and grades 
these parameters should be delicately balanced and optimised collectively (Muzenda et. al., 2011).  
The Taguchi experimental design method has been shown to be an effective means for the 
improvement of quality and productivity in research and development (IIyas, 2010). It is a well-accepted 
technique that has been widely used for product design and process optimization in manufacturing and 
engineering worldwide [Kamaruddin et. al., 2004; Gopalsamy et. al., 2009; Rama and Padmanabhan, 
2012; Sapakal and Telsang, 2012]. In recent years, its use has extended to include the metallurgical 
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industry [Ilyas et. al., 2010; Haghi et.al. 2009; Temur et. al., 2009; Abali et al., 2006].  It provides a 
simplified systematic and efficient methodology for process optimisation (Bagchi, 1993).   The greatest 
advantage of this method is the saving of effort in conducting experiments; saving experimental time, 
reducing the cost, and discovering significant factors quickly. The number of experiments that need to be 
done is greatly reduced compared to that required by other classical statistical methods such as factorial 
design.  
The Taguchi method was therefore, selected to determine the optimum conditions for maximising 
the flotation recovery of Ni, Cu and Co from a nickel-copper sulphide ore. The effect on flotation 
performance of various parameters such as pH, collector dosage, % solids and depressant dosage at 
different levels was investigated. Therefore, the main objective of the study was to optimize the process 
parameters for the flotation of base metals from a nickel-copper sulphide ore. 
  
2. Materials and Methods 
2. 1. Materials 
The nickel-copper sulphide ore used in this study was supplied by Trojan Nickel Mine located in 
Bindura, Zimbabwe. From the X-ray diffraction analysis, the main phases present in the ore were 
pentlandite (49.4%), pyrrhotite (41.2%) and quartz (4.6%), Fig.1. The ore which was supplied in lumpy 
form was subjected to crushing and grinding. The ore was ground to 70% passing 75 microns. Chemical 
analysis of this ore is shown in Table 1. 1% solutions of all flotation reagents i.e. collector (SIPX- sodium 
isopropyl xanthate) and depressant (Betamin 300) were used for the investigations and 10% solutions of 
both analytical grade sulphuric acid and sodium hydroxide were used as pH modifiers. For each test 
freshly prepared reagent solutions were used. Distilled water was used in all flotation experiments. 
 
 
Fig.1. X-ray diffraction pattern of the nickel-copper sulphide ore sample 
 
Table. 1. Chemical composition of the nickel-copper sulphide ore (mass fraction, %). 
 
Component Ni Cu Co Fe  MgO SiO2 SG 
% 12.61 0.71 0.17 47.04 0.13 10.60 4.38 
 
2.2 Experimental Plan 
Based on previous studies and literature, collector dosage, pH, percentage solids and the depressant 
dosage were chosen as the four main parameters to be investigated. According to the Taguchi design 
methodology, three levels were chosen for each parameter as illustrated in Table 2. Considering the four 
parameters and the relevant three levels, a Taguchi Orthogonal array (L9) was established to execute the 
experiment. Nine experiments were therefore conducted as shown in Table 3. One (1) to three (3) levels 
appearing in Table 3 are the relative levels of the parameters indicated in Table 2. In this study 
interactions between parameters were not taken into consideration.  
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Table. 2. Experimental parameters and their relative levels. 
 
 
Code 
 
Parameter 
Levels 
1 2 3 
A pH 6.15 8.15 10.15 
B Collector Dosage (g/t) 40 60 80 
C Depressant dosage (g/t) 80 100 150 
D %Solids 20 25 30 
 
Table. 3. Taguchi Orthogonal array (L9;3
4
) for influencing factors and their levels coded with actual values in 
brackets. 
 
Experiment No. pH Collector Dosage (g/t) %Solids Depressant dosage (g/t) 
1 1 (6.15) 1 (40) 1 (20) 1 (80) 
2 1 (6.15) 2 (60) 2 (25) 2 (100) 
3 1 (6.15) 3 (80) 3 (30) 3 (150) 
4 2 (8.15) 1 (40) 2 (25) 3 (150) 
5 2 (8.15) 2 (60) 3 (30) 1 (80) 
6 2 (8.15) 3 (80) 1 (20) 2 (100) 
7 3 (10.15) 1 (40) 3 (30) 2 (100) 
8 3 (10.15) 2 (60) 1 (20) 3 (150) 
9 3 (10.15) 3 (80) 2 (25) 1 (80) 
 
In experiments based on the Taguchi design the use of signal-to-noise (SN) ratios is recommended 
for the optimisation of process parameters. In the Taguchi method the term signal represents the desirable 
value (mean) for the output characteristics and the term noise represents the undesirable values (standard 
deviation) for the output characteristic. The SN ratios can then be calculated based on the required 
response characteristics i.e. ‘larger is better’, ‘smaller is better’ and ‘nominal is better’. In this 
investigation the aim is to increase the amount of the base metal recovered to the concentrate, therefore 
SN ratios for “larger is better” were selected and calculated using response values i.e. percentage metal 
(Ni, Cu or Co) recovered. The SN ratio for this scenario was determined using: 
 
SN = -10   [
 
 
∑ (
 
  
 )
 
   ]                       (1) 
 
Where n is the number of repetition of experiments, and yi is the response value (recovery) of the i
th
 
experiment. 
 
2. 2. Flotation Procedure 
All the flotation test-work was done using the Denver laboratory machine with a 1.5l stainless steel 
flotation cell. The required mass of nickel-copper sulphide ore material ground to 70% passing 75 µm 
was weighed and placed in the flotation cell. This was followed by the addition of distilled water to about 
60% of the cell volume before the required volumes of 1% solutions of the collector; SIPX (sodium 
isopropyl xanthate) and depressant were added. The additions of the reagents solution were done using 
small (2-5ml) barrel medical syringes. More water was added to the cell to about 90% cell volume (about 
10mm below the froth overflow lip). pH was then adjusted to the required set value using either sulphuric 
acid or sodium hydroxide. Two drops of the frother were then added before conditioning with the air 
valve closed for 4 minutes at 750rpm agitation. Following conditioning, the air valve was opened to 
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maximum to allow aeration. After 3 minutes the froth was allowed to overflow and the float was kept at 
constant level mark (10mm below overflow lip) using distilled water from a wash bottle. Samples of the 
froth concentrate were collected after every 5minutes for 20 minutes. The collected samples were then 
sun-dried, weighed and assayed for nickel, cobalt and copper.  The same drying procedure was also 
followed for the tailings. The experimental runs as described in Table 3 were run randomly and were done 
in duplicate.  A total of 18 batch flotation test-works were done for this study. 
The amount of metal (Ni, Cu or Co) recovered was calculated using equation (2) which is based on 
assays alone of the feed (f), tailings (t) and concentrate (c). 
 
%Metal Recovery = 100(
 
 
)
(   )
(   )
         (2) 
        
2. 2. Analysis of Variance 
Analysis of variance (ANOVA) is a standard statistical tool that can be used to interpret 
experimental data. A statistical test called an F-test, named after Fisher, is then used to see which 
process parameters have a significant effect on recovery. The contribution percentage of various 
parameters to the response can also be estimated by ANOVA. This identifies the parameter with 
the highest influence on metal recovery. The equations involved in the analysis of variance are 
presented in this section. 
 
 
The total sum of squared deviations, SST was calculated based on the following formula: 
 
SST = ∑ (  )
  
    - 
(∑   
 
   )
 
 
          (3) 
 
Where, 
N is the total number of observations or experiments, 
Yi is the metal recovery for the i
th
 experiment 
 
The total sum of squared deviations is composed of two sources: the sum of squared deviations, 
SSP due to each process parameter and the sum of squared error, SSE.  
 
SSP = ∑
(∑  )
 
  
  
    - 
(∑   
 
   )
 
 
          (4) 
 
Where p is one of the parameter of the experiment and j the level number of this parameter p 
The sum of squared error is therefore calculated as: 
 
SSE = SST - ∑               (5) 
 
The variance (VP), mean of squared deviations for each parameter p was computed using the 
following equation:  
 
VP = 
   
(    )
              (6) 
 
Where NK is the number of levels for each parameter (3 in this case) and NK-1 = fP is therefore the 
degrees of freedom for parameter, p. The total degrees of freedom of the result (fT) are equal to the total 
number of experiments (9 in this case) minus one. The degrees of freedom for the experimental error (fE) 
is then given by: 
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fE = fT - ∑                  (7) 
 
This is followed by the calculation of the variance ratio (Fcalc) for each parameter, which is defined by 
 
Fcalc =  
  
  
             (8) 
 
Where VE is the mean square (variance) of the error. 
 
This is used in the evaluation of significance of the parameters on the response. The percentage 
contribution of each parameter to the response is then determined as:  
 
%PC= 
    
   
*100               (9) 
 
where PSSp is the pure sum of squares of each factor and is given by;  
 
PSSP = SSp  – fiVE            (10) 
 
3. Results and Discussions 
This section gives a summary of the findings for the flotation performance of nickel, copper and 
cobalt in the supplied sulphide ores. It is also dedicated to the analysis of data and identification of the 
optimal levels for all control parameters. Minitab 15.0 was used for statistical data analysis. 
 
3.1 Base Metal Recovery 
The average recovery of metals (nickel, copper and cobalt) by flotation for the various 
combinations of process parameters and levels is shown in Table 4.  The highest recovery of nickel of 
81% into the concentrate occurred in the 7
th
 experiment run (pH = 10.15; collector dosage = 40g/t; % 
solids = 30; depressant dosage = 100g/t) and the lowest (38.3%) was recorded in the 5
th
 experiment run 
(pH=8.15; collector dosage=60g/t; %solids=30; depressant dosage=80g/t). For copper the maximum 
recovery was 91.1% achieved in the 9
th
 experimental run whilst lowest (25%) was recorded in the 1
st
 
experimental run. The maximum cobalt recovery (70.6%) was achieved in the 9
th
 experimental run. 
 
Table. 4. Experimental results for metal (Ni, Cu, Co) recovery. 
 
Exp. 
No. 
pH 
Collector 
Dosage (g/t) 
%Solids 
Depressant 
dosage (g/t) 
Ave. 
%Ni 
Recovery 
Ave. % 
Cu 
Recovery 
Ave. 
%Co 
Recovery 
1 1 (6.15) 1 (40) 1 (20) 1 (80) 56.4 25.0 27.8 
2 1 (6.15) 2 (60) 2 (25) 2 (100) 75.6 64.0 26.4 
3 1 (6.15) 3 (80) 3 (30) 3 (150) 64.7 50.8 25.7 
4 2 (8.15) 1 (40) 2 (25) 3 (150) 40.7 51.8 7.7 
5 2 (8.15) 2 (60) 3 (30) 1 (80) 38.3 54.4 10.8 
6 2 (8.15) 3 (80) 1 (20) 2 (100) 61.5 67.3 21.5 
7 3 (10.15) 1 (40) 3 (30) 2 (100) 81.0 78.7 63.6 
8 3 (10.15) 2 (60) 1 (20) 3 (150) 48.3 85.7 41.8 
9 3 (10.15) 3 (80) 2 (25) 1 (80) 70.0 91.1 70.6 
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To determine the effect each parameter has on the response, the signal-to-noise ratio (SN) was 
calculated for each experiment. The SN ratio, based on ‘larger is better’ (Eqn.1), for the base metal 
recoveries for all the experimental runs are shown in Table 5.   
 
Table. 5. SN ratios for metal recovery based on ‘larger is better’. 
 
Exp. 
No. 
pH 
Collector 
Dosage (g/t) 
%Solids 
Depressant 
dosage (g/t) 
SN ratio 
for Ni 
SN ratio 
for Cu 
SN ratio 
for Co 
1 1 (6.15) 1 (40) 1 (20) 1 (80) 35.03 27.96 28.88 
2 1 (6.15) 2 (60) 2 (25) 2 (100) 37.57 36.12 28.43 
3 1 (6.15) 3 (80) 3 (30) 3 (150) 36.22 34.12 28.20 
4 2 (8.15) 1 (40) 2 (25) 3 (150) 32.19 34.29 17.73 
5 2 (8.15) 2 (60) 3 (30) 1 (80) 31.66 34.71 20.67 
6 2 (8.15) 3 (80) 1 (20) 2 (100) 35.78 36.56 26.65 
7 3 (10.15) 1 (40) 3 (30) 2 (100) 38.17 37.92 36.07 
8 3 (10.15) 2 (60) 1 (20) 3 (150) 33.68 38.66 32.42 
9 3 (10.15) 3 (80) 2 (25) 1 (80) 36.90 39.19 36.98 
 
Using data in Table 5, the average SN ratios of each level of the four parameters for the flotation of 
nickel were calculated and listed in Table 6. Delta values, which show the relative significance of the 
factors, were also calculated as the difference between the maximum and minimum average values. Based 
on this, depressant dosage followed by pH under the experimental conditions tested were the most 
influencing factors affecting the flotation behaviour of nickel from the sulphide ore. Percentage solids had 
the least influence on flotability of the nickel.  
 
Table. 6. Average SN values for nickel flotation at three levels of parameters and delta statics. 
 
Code Flotation parameter Level 1 Level 2 Level 3 Delta(max-min) Rank 
 ̅ pH 36.28
* 
33.21 36.25 3.06 2 
 ̅ Collector dosage 35.13 34.30 36.30
* 
2.00 3 
 ̅ %Solids 34.83 35.55
* 
35.35 0.72 4 
 ̅ Depressant dosage 34.53 37.17
* 
34.03 3.14 1 
*
 Optimum condition 
 
The level of a parameter with highest average SN ratio corresponds to a better performance and 
gives the best combination level. Therefore, the optimal levels of flotation parameters are the ones with 
the greatest average SN ratio. The optimum levels of parameters for recovery of nickel are pH, 6.15 
(Level 1); collector dosage, 80g/t (Level 3); %solids, 25 (Level 2); and depressant dosage, 100g/t (Level 
2), asterixed figures in Table 6. A plot of the graph of the parameter against its response on each level is 
referred to as the main effect and it indicates the general trend of influence of each parameter. Fig.2 
shows the effect of the process parameters on flotation recovery of nickel.  
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Fig.2. Main effect of process parameter on nickel recovery. 
 
Delta values in Table 7 show that pH has the most relative significance on the flotation behaviour 
of copper and is followed by collector dosage, which is ranked second.  Percentage solids show the least 
relative significance. The optimum levels for copper recovery are pH, 10.15 (level 3); collector dosage, 
80g/t (level 3); percentage solids, 25 (level 2); and depressant dosage, 100g/t (level 2). 
 
Table. 7. Average SN values for copper flotation at three levels of parameters and delta statics. 
 
 Flotation parameter Level 1 Level 2 Level 3 Delta (max-min) Rank 
 ̅ pH 32.73 35.19 38.59* 5.86 1 
 ̅ Collector dosage 33.39 36.50 36.62* 3.23 2 
 ̅ %Solids 34.39 36.53* 35.58 2.14 4 
 ̅ Depressant dosage 33.95 36.87* 35.69 2.92 3 
*
 Optimum condition 
 
Fig.3 shows the main effects of process parameters on copper flotation.  
 
 
Fig.3. Main effect of process parameter on copper recovery 
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Delta values for cobalt in Table 8 also show pH as the most influencing parameter and percentage 
solids as the least influencing parameter affecting its flotation behaviour. The asterixed values in Table 8, 
i.e. pH level of 3 (10.15), collector dosage level 3 (80g/t), percentage solids level 1 (20%) and depressant 
dosage level 2 (100) gives the optimum recovery of cobalt into the concentrate. 
 
Table. 8. Average SN values for cobalt flotation at three levels of parameters and delta statics. 
 
Code Flotation parameter Level 1 Level 2 Level 3 Delta (max-min) Rank 
 ̅ pH 28.50 21.68 35.16
* 
13.48 1 
 ̅ Collector dosage 27.56 27.17 30.61
* 
3.44 3 
 ̅ %Solids 29.32
* 
27.71 28.31 1.61 4 
 ̅ Depressant dosage 28.84 30.38
* 
26.12 4.26 2 
*
 Optimum condition 
 
The change in response performance with change in process parameter is shown in Fig.4. 
 
 
Fig.4. Main effect of process parameters on cobalt recovery. 
 
3.2 Analysis of Variance (ANOVA) 
The parameters which significantly affected the base metal recovery were investigated using the 
analysis of variance (ANOVA). The contribution percentage of different parameters on nickel, copper and 
cobalt recovery as obtained by ANOVA are presented in Table 6, 7 and 8, respectively. These percentage 
values also confirm the relative importance of each parameter. For example, it can be seen from Table 6 
that the pH (A), collector dosage (B) and depressant dosage (D) affect nickel recovery by 41.84%, 
12.26% and 38.25% in the flotation of nickel-copper sulphide ore respectively. Since the degree of 
freedom for the error term is zero, it was necessary to pool the parameter having less influence (%solids 
in this case) for the results to be interpreted. 
Based on ANOVA and at 95% confidence level, pH has significant effect on the flotation recovery 
of both nickel and cobalt from the sulphide ore whilst depressant dosage has significant effect only on 
nickel recovery. None of the tested parameters significantly affected the recovery of copper at the tested 
same confidence level.  
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Table. 9. ANOVA table for nickel recovery after pooling (at 95% confidence level). 
 
Code Parameter Degree of 
freedom  
Sum of 
squares 
Mean 
Squares, Vi 
Fcalc ratio P-Value Pure Sum 
of Squares 
%PC 
A pH 2 18.64677 9.323383 22.89789 0.0418 17.83242 41.84 
B Collector Dosage 2 6.038956 3.019478 7.415726 0.1188 5.224611 12.26 
C %Solids 2 0.834956 0.417478 -   - 
D Depressant dosage 2 17.11776 8.558878 21.02029 0.0454 16.30341 38.25 
 Error  0 0 - -   - 
 (Pooled Error) (2) (0.814344) (0.40717)   3.257378 (7.64) 
 Total 8 42.61782      
 
Table. 10. ANOVA table for copper recovery after pooling (at 95% confidence interval). 
 
Code Parameter Degree of 
freedom  
Sum of 
squares 
Mean 
Squares 
Fcalc 
ratio 
P-Value Pure Sum 
of Squares 
%PC 
A pH 2 51.90207 25.95103 7.524001 0.1173 45.00387 49.02 
 
B Collector Dosage 2 20.12187 10.06093 2.916974 0.2553 13.22367 14.40 
C %Solids 2 6.8982 3.4491 - -   
D Depressant dosage 2 12.88807 6.444033 1.868323 0.3486 5.989867 6.52 
 Error 0 0      
 Pooled Error (2) (6.8982) (3.4491)   0(27.5928) (30.06) 
 Total 8 91.8102      
 
Table. 11. ANOVA table for cobalt recovery after pooling (at 95% confidence interval). 
 
Code Parameter Degree of 
freedom  
Sum of 
squares 
Mean 
Squares 
Fcalc 
ratio 
P-
Value 
Pure Sum 
of Squares 
%PC 
A pH 2 272.31000 136.15500 69.16062 0.0143 268.3726 82.44 
B Collector Dosage 2 21.26269 10.63134 5.400246 0.1562 17.32533 5.32 
C %Solids 2 3.937356 1.968678 - - - - 
D Depressant 
dosage 
2 28.01076 14.00538 7.114104 0.1232 24.0734 7.40 
 Error 0 0      
 Pooled Error (2) (3.937356) (1.968678)   0(15.74942) (4.84) 
 Total 8 325.5208      
 
3.3 Prediction of the Optimum Performance 
Once the optimum parameters have been determined, the optimum performance of the response at 
these parameters can be predicted. The predicted SN ratio (SNopt) of recovery of the metal (Ni, Cu &Co) 
at optimum condition was calculated by adding the mean performance to the contribution of each 
parameter at the optimum level using the following equation.  
 
SNopt = 
   
 
 + ( ̅     
   
 
) + ( ̅     
   
 
) + ( ̅     
   
 
) + ( ̅     
   
 
)        (11) 
 
where,  
 SNT : grand total of average SN ratio for each experiment, 
 N : total number of experiments, 
  ̅    : average SN ratio for parameter A at its optimum level, 
  ̅    : average SN ratio for parameter B at its optimum level, 
    ̅   : average SN ratio for parameter C at its optimum level, and 
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   ̅    : average SN ratio for parameter D at its optimum level.  
 
Since the sum of squares due to the parameter C is small as well as used to estimate the error variance, 
this term is not included in the prediction of the optimum recovery. Table 12 shows the optimum level of 
each parameter to achieve the highest Ni recovery and the corresponding recoveries of Cu and Co; highest 
Cu recovery and corresponding recoveries of Ni and Co; and the highest Co recovery and corresponding 
Ni and Co recoveries. 
 
Table. 12. Predicted SN and metal recoveries at optimum conditions. 
 
Target A B C D Predicted value for Ni Predicted value  for Cu Predicted value for Co 
SN Recovery SN Recovery SN Recovery 
Ni recovery-
max 
6.15 80 - 100 39.27  91.94 35.22 57.68 32.59 42.61 
Cu recovery-
max 
10.15 80 - 100 39.24 91.62 41.08 100 39.25 91.73 
Co recovery-
max 
10.15 80 - 100 39.24 91.62 41.08 100 39.25 91.73 
 
 
4. Conclusion 
The following conclusions are drawn from the present study within the levels of process parameters   
selected:  
 The optimum conditions for maximum Ni recovery are: collector dosage, 80g/t; pH, 6.15; %solids, 
25; and depressant dosage, 100g/t. For maximum Cu recovery the optimum conditions are: 
collector dosage, 80g/t; pH, 10.15; %solids, 25; and depressant dosage, 100g/t whilst for Co 
recovery they are: collector dosage, 80g/t; pH, 10.15; %solids, 25; and depressant dosage, 100g/t. 
 The optimal levels of parameters for the maximum recovery of all the three base metals is achieved 
with a pH, 10.15; collector dosage, 80g/t; percentage solids, 25% and depressant dosage of 100g/t. 
 Relative significance of flotation parameters (based on difference between max and min. average 
values) indicates that pH has the most significant effect on the recovery of nickel, copper and 
cobalt during flotation. 
 Based on ANOVA and at 95% confidence level, pH has significant effect on the flotation recovery 
of both nickel and cobalt from the sulphide ore whilst depressant dosage has significant effect only 
on nickel recovery. None of the factors significantly affect the recovery of copper at the tested 
confidence level of 95%.  
 pH has the major contribution in controlling the flotation of the base metals (Ni, Cu and Co) from 
the nickel-copper sulphide ore.  Depressant dosage also plays a significant effect in controlling the 
flotability of nickel (~40% contribution to overall nickel recovery).  The range of percentage solids 
considered for this study had the least contribution on recovery of base metals. 
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